is actively sequestered into the sarcoplasmic reticulum (SR), whereas the release of Ca 2ϩ from the SR can be triggered by activation of the inositol 1,4,5-trisphosphate and ryanodine receptors. Uptake and release of Ca 2ϩ across the SR membrane are electrogenic processes; accumulation of positive or negative charge across the SR membrane could electrostatically hinder the movement of Ca 2ϩ into or out of the SR, respectively. We hypothesized that the movement of intracellular Cl Ϫ (Cl i Ϫ ) across the SR membrane neutralizes the accumulation of charge that accompanies uptake and release of Ca 2ϩ . Thus inhibition of SR Cl Ϫ fluxes will reduce Ca 2ϩ sequestration and agonist-induced release. The Cl Ϫ channel blocker 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB; 10 Ϫ4 M), previously shown to inhibit SR Cl Ϫ channels, significantly reduced the magnitude of successive acetylcholine-induced contractions of airway smooth muscle (ASM), suggesting a "run down" of sequestered Ca 2ϩ within the SR. Niflumic acid (10 Ϫ4 M), a structurally different Cl Ϫ channel blocker, had no such effect. Furthermore, NPPB significantly reduced caffeine-induced contraction and increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ]i). Depletion of Cl i Ϫ , accomplished by bathing ASM strips in Cl Ϫ -free buffer, significantly reduced the magnitude of successive acetylcholine-induced contractions. In addition, Cl Ϫ depletion significantly reduced caffeine-induced increases in [Ca 2ϩ ]i. Together these data suggest a novel role for Cl i Ϫ fluxes in Ca 2ϩ handling in smooth muscle. Because the release of sequestered Ca 2ϩ is the predominate source of Ca 2ϩ for contraction of ASM, targeting Cl i Ϫ fluxes may prove useful in the control of ASM hyperresponsiveness associated with asthma. chloride; 5-nitro-2-(3-phenylpropylamino)benzoic acid; niflumic acid; calcium handling; excitation-contraction coupling CONTRACTION OF SMOOTH MUSCLE is predominately triggered by agonist-induced increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ). In airway smooth muscle (ASM), cholinergic agonists increase [Ca 2ϩ ] i by binding the M 3 muscarinic receptors, triggering the production of inositol 1,4,5-trisphosphate, which in turn releases Ca 2ϩ from the sarcoplasmic reticulum (SR) (23, 28, 29) . In addition to activating the contractile apparatus, increased [Ca 2ϩ ] i can activate depolarizing Cl Ϫ currents thought to contribute to force generation through an increase in the open probability of voltage-gated Ca 2ϩ channels. Although ASM exhibits robust Ca 2ϩ -dependent Cl Ϫ currents, their role in excitation-contraction (EC) coupling has yet to be fully elucidated (7) (8) (9) (10) (11) sequestration in saponin-permeabilized gastrointestinal smooth muscle cells (19) . Depletion of Cl i Ϫ reduced angiotensin II-and norepinephrine-induced contractions of vascular smooth muscle (12) . Furthermore, it has been suggested that Cl Ϫ is the primary ionic species that contributes to charge neutralization during Ca 2ϩ uptake in skeletal muscle and isolated smooth muscle SR vesicles (3, 13, 19 
MATERIALS AND METHODS
Tissue preparation. All experimental procedures were approved by the McMaster University Animal Care Committee and conform to the guidelines set out by the Canadian Council on Animal Care. Tracheae were obtained from cows (136 -454 kg) or pigs (20 -90 kg) killed at the local abattoir and transported to the lab in ice-cold Krebs buffer (see Solutions and chemicals). When tracheae were received in the lab, the epithelium was removed, and tracheal ASM strips (ϳ2-3 mm wide, ϳ10 mm long) were excised and used immediately or stored at 4°C for use up to 48 h.
Cell isolation. Tracheal ASM strips were digested in modified Hanks' balanced salt solution (with NaHCO 3, without CaCl2 and MgSO 4) containing collagenase (Sigma blend type F, 2 mg/ml) and elastase (type IV, 250 g/ml). After a 30-min incubation period at 37°C, papain (30 g/ml) and (Ϫ)-1,4-dithio-L-threitol (750 g/ml) were added, and the tissues were incubated for an additional 20 -30 min. Cells were gently triturated with the use of a wide-bore pipette and then centrifuged to form a loose pellet. Supernatant was removed, and cells were resuspended in standard Ringer solution (see Solutions and chemicals).
Organ bath studies. Intact segments of tracheal ASM were mounted in 4-ml organ baths with the use of silk thread (Ethicon 4-0) such that one end of the tissue was anchored and the other fastened to a Grass FT.03 force transducer, and preload tension of 1.0 -1.5 g was applied. Isometric tension was digitized at 2 Hz and recorded online using the DigiMed System Integrator program (MicroMed, Louisville, KY). Tissues were bathed in modified Krebs buffer bubbled with 95% O 2-5% CO2 and heated to 37°C. During a 1-h equilibration, tissues were repeatedly washed with modified Krebs buffer. To test for tissue responsiveness and viability, ASM strips were challenged with 60 mM KCl. The KCl was then washed out, and tissues were allowed to recover before experiments were conducted.
Microelectrode studies. Intact segments of tracheal ASM (ϳ5 mm in width) were superfused at a rate of 3 ml/min with the modified Krebs buffer, bubbled with 95% O2-5% CO2, and heated to 37°C. Channel blockers and agonists were added directly to the modified Krebs buffer and introduced to the bath via superfusion. Microelectrodes were pulled from borosilicate glass using a P-87 Flaming/ Brown micropipette puller (Sutter Instrument, Novato, CA). The tip resistance of the microelectrodes used was within 30 -100 M⍀ when filled with 3 M KCl. Membrane potential changes were measured at 37°C and amplified on a Duo 773 electrometer (World Precision Instruments, Sarasota, FL), digitally sampled at 5 Hz, and analyzed using WinDaq 700 series data-acquisition software (Dataq Instruments, Akron, OH).
Intracellular Ca 2ϩ fluorimetry. Isolated tracheal ASM cells (see Cell isolation) were incubated with fluo-4 AM (2 M, containing 0.1% Pluronic F-127) for 30 min at 37°C. Cells were then placed in a Plexiglas recording chamber and superfused with Ringer solution for a period of 30 min before experimentation to allow for complete dye hydrolysis. 5-Nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) and zero-Cl Ϫ Ringer were delivered via the bathing solution, whereas caffeine was delivered via a micropipette (Picospritzer II; General Valve, Fairfield, NJ). Confocal microscopy was performed at room temperature (21-23°C) with the use of a custom-built apparatus (25) based on an inverted Nikon Eclipse TE2000-4 microscope with a ϫ40 S Fluor oil objective. Briefly, 488-nm illumination from a photodiode laser was scanned across an isolated cell in X-and Y-planes by using two mirrors oscillating at 8 kHz and 30 Hz, respectively. The emitted fluorescence (Ͼ500 nm) was detected using a photomultiplier. The signal was then digitized, and images were generated (1 frame/s, 480 ϫ 400 pixels); these were stored in TIF stacks of several hundred frames on a local hard drive using imageacquisition software (Video Savant 4.0; IO Industries, London, ON, Canada). Image files were then imported into Scion Image (Scion; free download: http://www.scioncorp.com) for subsequent analysis, using a custom-written macro designed to determine average fluorescence intensity over a defined nonnuclear region of interest.
Solutions and chemicals. Modified Krebs buffer used in organ bath and microelectrode studies consisted of (in mM) 116 NaCl, 4. All responses are reported as means Ϯ SE; n refers to the number of animals. Statistical comparisons were made using Student's t-test (for single pairwise comparisons) or one-way ANOVA (for multiple comparisons of mean values) followed by the appropriate post hoc test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Agonists that cause contraction of ASM generally increase the open probability of Ca 2ϩ -dependent Cl Ϫ channels (CDCC) through the release of Ca 2ϩ from the SR, causing membrane depolarization. In bovine tracheal ASM, cholinergic contractions induced by increasing concentrations of carbachol (10 Ϫ9 to 10 Ϫ5 M) were insensitive to pretreatment with niflumic acid (10 Ϫ4 M) and NPPB (10 Ϫ4 M), two structurally distinct inhibitors of plasmalemmal Cl Ϫ channels (Fig. 1) . Furthermore, inhibition of L-type Ca 2ϩ channels had little effect on carba- chol-induced contractions of bovine tracheal ASM (nifedipine, 10 Ϫ6 M) (Fig. 1) .
To examine what role plasmalemmal and SR Cl Ϫ channels may play in the refilling of the SR, we subjected bovine tracheal ASM strips to repeated cholinergic stimulations (ACh, 3 ϫ 10 Ϫ7 M) with a 15-min waiting period between ACh challenges to allow for appropriate refilling of the SR in the presence or absence of various channel blockers. The extent of refilling was indirectly measured by examining the change in force generation in response to repeated ACh challenges. In the control tissues, the peak and sustained magnitudes of contractions were reproducible between challenges with ACh ( Fig. 2A) .
Pretreatment of ASM strips with nifedipine caused a significant reduction in the peak magnitudes of ACh-induced contractions after successive challenges (Ϫ28.0 Ϯ 4.1%, n ϭ 6, P Ͻ 0.05). The extent of the reduction of the repetitive contractions was uniform throughout the nifedipine treatment (Fig. 2C) . Interestingly however, repetitive ACh-induced contractions were not affected by pretreatment with the Cl Ϫ channel blocker niflumic acid (Fig. 2B ) but were significantly reduced in the presence of NPPB (Ϫ51.6 Ϯ 5.6%, n ϭ 7, P Ͻ 0.05); our group and others have shown that this concentration of niflumic is sufficient to fully inhibit Cl Ϫ currents (Fig. 3)  (6, 9, 10, 17, 24) . Furthermore, the reduction in tone in the presence of NPPB was significantly greater than that observed in the presence of nifedipine. The overall change in tone after successive ACh-induced contractions is summarized in Fig. 2E .
To confirm that niflumic acid was effectively blocking Cl Ϫ channels, we performed microelectrode experiments to observe electrical responses in ASM. Strips of porcine ASM were impaled with microelectrodes and challenged with the cholinergic agonist carbachol (10 Ϫ7 M). Carbachol, acting through the M 3 receptors, triggers Ca 2ϩ release and thereby activates CDCC, leading to membrane depolarization. Indeed, carbachol triggered significant depolarization of ASM (from Ϫ57.6 Ϯ 1.2 mV at rest to Ϫ33.6 Ϯ 1.6 mV, n ϭ 11, P Ͻ 0.05). Pretreatment of ASM strips with niflumic acid (10 Ϫ4 M) abolished carbachol-induced depolarization, confirming both that Cl channels contribute fully to the depolarization and that this concentration of niflumic acid is sufficient to block that response. In addition to cholinergic stimulation, ASM strips were impaled and exposed to caffeine (10 mM), an agent that triggers Ca 2ϩ release from the SR through activation of ryanodine receptors. Caffeine also induced significant depolarization of ASM (from Ϫ57.6 Ϯ 1.2 mV at rest to Ϫ41.2 Ϯ 1.2, n ϭ 4, P Ͻ 0.05), and this too was abolished by pretreatment with niflumic acid (Fig. 3) .
Cholinergic stimulation of ASM triggers a number of pathways that may contribute to contraction. To resolve the role of Cl Ϫ channels in Ca 2ϩ handling, we used caffeine to trigger Ca 2ϩ release independent of muscarinic receptor activation. Reproducible caffeine-induced contractions could be triggered at 15-min intervals (Fig. 4A ). Nifedipine and niflumic acid added 10 min before challenges with caffeine significantly reduced caffeine-induced contractions (Ϫ25.2 Ϯ 13.2%, n ϭ 4, and Ϫ35.5 Ϯ 15.0%, n ϭ 6, respectively), indicating a role for voltage-dependent Ca 2ϩ influx in these responses. However, the Cl Ϫ channel blocker NPPB significantly reduced caffeineinduced contractions to a greater extent than either nifedipine Fig. 3 . CCh (left) and caffeine (Caff; right) both depolarized the membrane of porcine ASM under control conditions. Pretreatment with the Cl Ϫ channel blocker niflumic acid (10 Ϫ4 M) had no effect on resting membrane potential but abolished the depolarizing response to CCh and caffeine. Values are means Ϯ SE; n ϭ 4 -11. *P Ͻ 0.05 compared with control. or niflumic acid (Ϫ68.6 Ϯ 11.1%, n ϭ 5, P Ͻ 0.05) ( Fig. 4D ; summarized in Fig. 4E) .
To ascertain the effect of NPPB on caffeine-induced release of Ca 2ϩ per se, we used Ca 2ϩ fluorimetry to examine single tracheal ASM cells. Successive Ca 2ϩ transients were triggered by exposing single cells to brief puffs of caffeine (10 mM). The introduction of NPPB into the bathing buffer led to a significant decrease in the magnitudes of caffeine-induced Ca 2ϩ transients (Ϫ63.1 Ϯ 8.3%, n ϭ 4, P Ͻ 0.05) ( Fig. 5A ; summarized in Fig. 5B) (Fig. 6B) . In the other protocol, Cl Ϫ -deficient medium was applied immediately before the ACh challenges and Cl Ϫ was reintroduced during each recovery period (i.e., by washing with normal medium) (Fig. 6C) . In addition to quantifying the peak magnitudes of contraction, we also derived the velocities of contraction upon ACh challenge and the velocities of relaxation upon washout as indirect indexes of the rates of Ca 2ϩ release and uptake, respectively. These two protocols had very different effects on successive ACh-induced contractions. In control experiments, contractions triggered at 15-min intervals were reproducible in peak magnitude (Fig. 6A) ; the velocities of contraction (upon addition of ACh) and relaxation (upon washout of ACh) also were reproducible ( Fig. 6A ; summarized in Fig. 6 
, E-H). Continuous incubation in zero Cl
Ϫ -containing Krebs led to a significant reduction in the peak magnitude of ACh-induced contractions. Although reduced in peak magnitude, these contractions did not decay over the course of ACh exposure (Fig. 6B) . However, continuous zero Cl Ϫ significantly reduced the rate of ACh-induced contractions ( Fig. 6B ; summarized in Fig. 6E ) and washout-induced relaxation ( Fig. 6B; summarized in Fig.  6G ). Intermittent zero Cl Ϫ , whereby zero Cl Ϫ -containing Krebs was introduced just before addition of ACh, had little effect on the peak contractions triggered by ACh ( Fig. 6C ; summarized in Fig. 6D ) or the velocity of ACh-induced contractions ( Fig. 6C ; summarized in Fig. 6F ), but the sustained portion of these contractions was often reduced compared with control responses (Fig. 6C) , and the washout-induced relaxation was markedly and significantly reduced ( Fig. 6C ; summarized in Fig. 6H ).
To determine whether long-term Cl Ϫ depletion was in fact altering Ca 2ϩ handling within tracheal ASM, we compared caffeine-induced Ca 2ϩ transients in isolated ASM cells exposed to normal or zero-Cl Ϫ Ringer buffer. These responses were significantly smaller in peak magnitude in the absence of Cl Ϫ (44.9 Ϯ 7.9% reduction, P Ͻ 0.05, n ϭ 4) ( Fig. 7A ; summarized in Fig. 7B) .
Altogether, these data suggest that Cl i Ϫ is necessary for uptake of Ca 2ϩ into the SR.
DISCUSSION
The objectives of our study were to determine what role Cl i Ϫ and membrane Cl Ϫ fluxes have on EC coupling and Ca 2ϩ handling in ASM. Many lines of evidence suggest that EC coupling in ASM is unique among smooth muscle types in that it is less reliant on voltage-dependent events. Indeed, our data indicate that inhibition of plasmalemmal Cl Ϫ channels with niflumic acid and NPPB has little effect on cholinergic contraction of tracheal SM (Fig. 1) . Furthermore, direct inhibition of L-type Ca 2ϩ channels with nifedipine had little effect on cholinergic contractions, suggesting that contraction of ASM might be driven by release of Ca 2ϩ from the SR or by other receptor-activated signaling pathways, rather than voltagedependent Ca 2ϩ influx. Rather than contributing directly to EC coupling in ASM through membrane depolarization, Cl Ϫ channels may instead play a role in Ca 2ϩ handling in ASM. After its release from the SR, Ca 2ϩ is actively resequestered into the SR (20, 27) to maintain an effective releasable store upon subsequent stimulation with a contractile agonist (26 We created chloride-free buffers by substituting sodium chloride with sodium isethionate and all other chloride salts with acetates. Isethionate is a large ion that is highly impermeant to membrane anion channels yet elicits biological effects similarly to gluconate when used to substitute for chloride (12, 21, 22) .
As per our hypothesis, prolonged removal of external Cl Ϫ reduced the peak magnitudes as well as the velocities of cholinergic contractions in a rapidly reversible fashion (i.e., immediately upon reintroduction of Cl Ϫ at the end of the experiment) and also slowed the rate of relaxation upon washout of ACh, suggesting that depletion of Cl i Ϫ was altering both the rates and magnitudes of Ca 2ϩ flux across the SR membrane. Interestingly, when Cl Ϫ was reintroduced during the recovery period (when the SR is presumably refilling) and then removed immediately before addition of ACh, the peak magnitudes and velocities of contraction were normal (i.e., not different from control), but the contractions then decayed to the levels seen when Cl Ϫ had been absent throughout the repeated cholinergic stimulations (cf. Fig. 6 , B and C) and the rates of relaxation were significantly slowed (Fig. 6, G and H) .
These observations are entirely consistent with our hypothesis that Cl i Ϫ is required for efficient sequestration of Ca 2ϩ , as described previously in guinea pig ileal smooth muscle (21, 22) . Although an alternative explanation involves a Cl Ϫ dependence of G protein-coupled receptor signaling (5), we found that caffeine-evoked Ca 2ϩ transients also were significantly decreased in Cl Ϫ -free Ringer buffer. In conclusion, our data suggest that airway smooth muscle SR membrane expresses an NPPB-sensitive Cl Ϫ channel that functions to neutralize charge accumulation resulting from uptake and release of Ca 
